In this article we report experimental results on Fourier-transform infrared spectroscopy of deoxyribonucleic acid ͑DNA͒ macromolecules and related biological materials in the submillimeter range ͑i.e., ϳ10-500 cm Ϫ1 ͒. Film samples made from commercial DNA fibers, polyadenylic acid potassium salt, and cellular agents such as the spore form of Bacillus subtillis have been prepared and measured. A broad series of measurements carried out in the low frequency region ͑10-50 cm Ϫ1 ͒ with a higher resolution of 0.2 cm Ϫ1 revealed fine features-multiple dielectric resonances in the submillimeter-wave spectra obtained from DNA samples. These long-wave absorption features are shown to be intrinsic properties of biological materials determined by phonon modes. The emphasis is on reproducibility of experimental spectra and on receiving reliable results. The effects of differences in sample preparation, including sample geometry, orientation, and aging are studied and separated from the phonon effects that determine the fine structure of transmission spectra. A direct comparison of spectra between different DNA samples reveals a large number of modes and a reasonable level of sequence-specific uniqueness. A theoretical study of two double helical DNA fragments has applied a normal mode analysis to predict spectra in the far infrared. Most of the modes determined by long-distance interactions are at frequencies below 220 cm
I. INTRODUCTION
There exists considerable interest in both the experimental and theoretical investigation of the low-frequency internal vibrations associated with deoxyribonucleic acid ͑DNA͒ polymers. The study of the molecular dynamics, achieved via scattering and absorption spectroscopy, is a viable and proven approach that has been applied widely for the general characterization of molecular conformation. 1 The submillimeter-wave frequency regime is predicted to be fairly rich with spectral features of DNA phonon modes that arise out of poorly localized motions spread over one or more base-pair units. 2, 3 This range of absorption frequencies reflects low-frequency internal helical vibrations involving rigidly bound subgroups which are connected by the weakest bonds, including the weak hydrogen bonds of the DNA base pairs and/or nonbonded interactions, and vibrations that stretch the bridging hydrogen bonds between the two strands. [3] [4] [5] [6] [7] [8] [9] [10] These internal motions are extremely sensitive to DNA composition and topology, have an impact on the main processes related to the transfer of genetic information 11 and eventually can give information regarding the threedimensional structure and flexibility of the DNA double helix. Furthermore, theoretical studies have predicted DNA phonon frequencies throughout this region, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] including an optically active mode as low as 3 cm Ϫ1 . 20 Therefore, the scientific motivation for further investigation is exceptionally strong.
While the application of submillimeter-wave absorption spectroscopy to biopolymers has been somewhat limited to date, indirect techniques such as Raman, Brillouin, and neutron scattering have clearly demonstrated standing wave oscillations in DNA polymer chains in the very-far IR. 4, [21] [22] [23] However, the problem of developing formalisms for the computation of Raman intensities and selection rules in large molecules, such as DNA, has only recently been addressed. 24 This difficulty has led to an increased interest in the application of submillimeter-wave absorption spectroscopy to biopolymer characterization.
Most spectral investigations of DNA have been performed at frequencies above 300 cm Ϫ1 or towards the higherfrequency portion of the submillimeter-wave domain ͑see for example, Refs. 25-32͒. The limited number of spectroscopic studies below this regime [33] [34] [35] [36] [37] may be attributed to the special experimental difficulties that are presented there. In this region between the microwave ͑Ͼ3 cm Ϫ1 ͒ and the lower end of the far IR ͑Ͻ30 cm Ϫ1 ͒, the output power of the available sources is limited, the absolute absorption of the biological material is relatively weak, and the high absorption of water masks results from biological materials in solution. Investigations performed on dried films of DNA in the 3-500 cm
Ϫ1
range have revealed only a few modes. Specifically, Wittlin et al. 36 has found modes of 45 cm Ϫ1 for the Li-DNA and 41 cm Ϫ1 for the Na-DNA. Most notable is the observation of four bands near 63, 83, 100, and 110 cm Ϫ1 in polycrystalline poly ͑dA͒-poly ͑dT͒ DNA by Powell et al. 37 ͑A-adenine, T-thymine͒. While this work did not report any phonon modes below 63 cm Ϫ1 , it is important to note that the authors believed that ''it is not possible to make meaningful measurements at frequencies lower than 40 cm Ϫ1 because the polynucleotide samples are too fragile to form the sufficiently thick and large diameter films required to provide adequate absorption below 40 cm Ϫ1 .'' Finally, Lindsay and Powell 34 have previously reported a mode in DNA films around 12 cm Ϫ1 , and there have been reports of modes in the microwave range ͑i.e., Ͻ0.3 cm
͒ from measurements of DNA. 35 However, later confirmations and interpretations of these results have not been reported. The results are sensitive to DNA composition, to environment, 37 and to sample geometry, and therefore their interpretation is not simple. These difficulties have severely limited the direct identification of phonon modes in biological materials at submillimeter-wave frequencies. Hence, previous investigations have not definitively established the existence of DNA phonon modes at submillimeter-wave frequencies below the infrared. However, more recent studies of dry DNA samples have suggested that microwave-frequency resonant modes exist and maybe unique to DNA type. 38 This has been the motivation for the studies presented here.
Our earlier Fourier-transform infrared ͑FTIR͒ spectroscopic investigations of DNA films and other biological materials have been performed over a broad IR band ͑10-3000 cm Ϫ1 ͒. 39 Free standing salmon and herring DNA film samples with thickness 50-300 m and controlled water content have been prepared and measured. Results of measurements have been analyzed and optical characteristics of biological materials have been determined. Spectral results showed the existence of multiple dielectric resonances within biological material at submillimeter-wave frequencies ͑i.e., ϳ10-100 cm Ϫ1 ͒. Our preliminary results have, however, indicated that a large number of factors can significantly influence spectral shapes. In addition to a high sensitivity of spectra to conditions of sample preparation, optical characteristics depend on orientation of film samples. As we will show, orientation plays an important role in the strength of the measured phonon spectra, and alignment of the biomolecular material can facilitate mode detection.
We have also suggested a method for the prediction of far infrared absorption spectrum of biomolecules. 40, 41 Our physics-based model for determining the influence of phonons on the dielectric properties of DNA employs the methods of molecular mechanics and normal mode analysis, which enable rigorous calculations of biopolymer structure and dynamics ͑reviewed in Ref. 42͒ . This study presents a definite link between molecular modeling and theoretical spectroscopy of DNA. While these theoretical results are derived for short DNA fragments, they agree qualitatively, in some respects, with the long chain experimental results ͑e.g., predict a high phonon mode density at long wavelengths͒ and provide a means for the interpretation of future experimental results.
In this article we report experimental results on FTIR spectroscopy of DNA macromolecules and related biological materials in the submillimeter range ͑i.e., ϳ10-500 cm Ϫ1 ͒. Several different techniques have been used for sample preparation, including powders and thin films. Semidry films made from randomly and partially oriented DNA fibers, artificial polyribonucleotides, and cellular agents such as the spore form of Bacillus subtillis ͑BG͒ have been prepared and measured. The primary goal of this spectroscopic investigation is to confirm the fundamental character of the resonant spectra in this range. The work demonstrates experimental evidence to confirm the presence of multiple dielectric resonances in the submillimeter-wave spectra ͑i.e., ϳ0.3-3 THz͒ obtained from DNA samples. These long-wave absorption features are shown to be intrinsic properties of biological materials determined by phonon modes. The emphasis is on reproducibility of experimental spectra and on receiving reliable results. The effects of differences in sample preparation, including sample geometry, orientation, and aging are studied and separated from the phonon effects that determine the fine structure of transmission spectra. A direct comparison of spectra between different DNA samples reveals a large number of modes and a reasonable level of sequencespecific uniqueness.
II. THE EXPERIMENTAL PROCEDURE

A. Instrumentation
In this study, FTIR spectroscopic investigations of DNA films and other biological materials were performed over the spectral range from ϳ10 to 500 cm Ϫ1 with the most detailed study in the range 10-25 cm
Ϫ1
. The experiments were performed in transmission mode to search for the occurrence of dielectric resonances induced by interactions of the electromagnetic ͑EM͒ field with long-wavelength phonons. Both, the material absorption characteristics and refractive indexes have been determined when possible. The spectral studies reported here utilized a commercial instrument ͑Bruker IFS-66͒ equipped with mercury-lamp and liquid-helium-cooled Si-bolometer (Tϭ1.7°K) for signal detection. All the measurements are made in vacuum to eliminate any influence of water-absorption lines. The resolution was set between 0.2 and 2 cm
, and up to 512 interferograms were accumulated, and Fourier transformed. Each sample was measured several times in the same position, and the procedure was repeated for several different sample positions. The measurements with polarized light were performed using a wire polarizer with wire diameter 25 m and spacing between wires of 75 m. Figure 1 demonstrates the sensitivity of our measurements. It shows the typical intensity change in fine resonance structure of biomolecules measured at the lowest frequency range with the resolution 0.2 cm Ϫ1 . The transmission of a polycarbonate membrane substrate ͑PC͒ and the 100% transmission line ͑free path measurements͒ are also shown. The spectral features introduced by the typical DNA sample are large in comparison to system noise. In addition, it should be noted that any fringes due to multiple reflections would be large in wave numbers ͑i.e., Ͼ10 cm Ϫ1 ͒. As will be shown later, this fact was verified by measurements on samples with regular layer thickness.
B. Samples preparation
Herring and salmon DNA sodium salts, ͑type XIV from herring and salmon testes, with 6% Na content, obtained from Sigma Chemical Co.͒, and calf thymus DNA sodium salt from Fluka have been used for this investigation. Data from artificial polynucleotide poly-adenylic acid potassium salt ͑Poly ͓A͔ RNA͒ and from sporulated Bacillus subtillis variant Niger ͑BG͒ are also included.
Far IR spectra show a great sensitivity to factors that are affected by differences in sample preparation, and it was not immediately clear to what extent the fine structures of Fig. 1 are reproducible and represent features intrinsic to the origin of the DNA. Four different techniques were utilized to prepare samples for this study. This was motivated by the necessity to demonstrate the fundamental character of far infrared resonances in biological molecules and to determine how results depend on conditions of sample preparation. We will describe these methods.
Method ͑1͒. Free-standing DNA films were obtained using gel material prepared by dissolving herring and salmon DNA sodium salts in glass-distilled water with a concentration ratio between 1:5 and 1:10. This gel was brought to the desired thickness by placing it inside an arbor shim between two Teflon sheets with 50 m thickness. The assembly was left to dry at room temperature for several days. The samples were then completely separated from the mold. These freestanding films are extremely fragile and were not oriented intentionally in the first series of measurements.
Method ͑2͒. More robust and partially oriented films of herring and salmon DNA sodium salts, and Poly ͓A͔ RNA were subsequently deposited on substrates. A gel drier from Labconco Co. with controlled temperature and vacuum was used in this preparation. The best results were obtained with porous track-etched polycarbonate ͑PC͒ membrane filters ͑Poretics, Inc.͒ as a substrate and a cover layer. Membrane thickness is 8 m, and pore sizes ranging from 0.2 to 8 m. This material transmits 92%-95% of radiation in the range 10-50 cm Ϫ1 which is important for our transmission measurements. It also facilitates the process of gel drying. Oriented films have been prepared by squeezing lightly heated gel through a syringe-needle onto substrates in one direction. The drying process utilized two steps. First, 2-8 h of air drying, then low vacuum was used. The optimal results have been received with gel temperature 25-26°C for spreading. Films from materials with short macromolecules were found to exhibit less strain deformation. Preparation utilizing 10:1 water to material ratio leads to superior films. Samples with diameter from 15 to 20 mm were made in the frame of steel shim. Films of commercially available DNA and RNA have been prepared using this procedure.
Method ͑3͒. The solid calf thymus DNA was dissolved in 0.75 M sodium acetate buffer solution, and an aliquot of this solution was treated in the following manner to prepare the samples. A two-fold excess of absolute ethanol was added to the solution to precipitate a pellet of DNA. The solution was held at 0°C for 30 min to effect precipitation, and the supernatant was discarded. The pellet was rinsed with 70% ethanol in 18 M⍀ filtered water, and again refrigerated at 0°C for 30 min. The supernatant was discarded and the pellet redissolved in 18 M⍀ water. This solution was spread onto the polycarbonate membrane and dried at room temperature for a minimum of 24 h.
Method ͑4͒. Bacillus subtillus spores was acquired from a Dugway Proving Ground stock source, originally manufactured by Merc in 1956. The material was subjected to a succession of wash/centrifugation cycles using saline buffer solution prior to spray drying. Thin layer films of Bacillus subtillis spores have been spread onto Teflon substrate IR cards ͑Spectra-Tech, Inc.͒.
It is appropriate to mention here that the measurement results are strongly dependent on a number of factors. Films of various thickness were studied to confirm that the observed resonances were directly attributable to the absorption characteristics of the biological material. The thinnest samples had reasonably good planarity, although they sometimes had an imperfection density ͑i.e., voids͒ of about 5%-10%. The drying process typically reduced the sample thickness between 2 and 3 times its initial value. All the samples that were considered in this study possessed a final film thickness between 20 and 300 m. Film thicknesses were measured using Gauge stand ONO SOKKI ST-022. Using the earlier procedures, we prepared samples with randomly oriented and partially aligned DNA chains. 
C. Experimental technique
In order to successfully resolve phonon resonances in biological materials one must consider the effects of interference and mode coupling strength. Very uniform solid films are well known to exhibit interference fringes in their reflection and transmission spectra. The interference phenomena can obscure fine resonance features or be misinterpreted as modes themselves. It should also be noted that the fine structure observed here requires spectral resolution better than 0.5 cm
Ϫ1
, which is difficult to use because of the very low source energy available from sources in the submillimeter range. This requirement may partially explain why earlier FTIR investigations were not able to detect phonon resonances. An equally important point for detection is the optimization of the coupling between the EM of radiation and the dipole moment of the DNA oscillators. As will be shown, measurements on unoriented dry films result in mode damping and a weak coupling to the EM field. This leads to spectral results where the occurrence of some modes varies from sample to sample. Conversely, spectral results were found to be much more consistent within oriented samples. Specifically, the number and frequency of phonon modes is directly tractable with the angle of orientation to the aligned DNA samples. It should be noted that some modes are orientation independent.
In the higher-frequency portion of the submillimeterwave domain, the materials studied possessed sufficient loss and interference effects were not observed experimentally due to variations in the optical thickness across the sample and relatively strong absorption. For this particular condition of quenched fringes, simultaneous measurements of optical transmission through samples of different thickness, prepared under the same conditions, were used to determine the absorption spectra. Data collected for two samples of different average thickness can be used to eliminate the surfacereflectance and define the absorption coefficient as
where ͗T 1 ͘ and ͗T 2 ͘ are the average-transmission measurements for samples of thickness d 1 and d 2 , respectively. In the low frequency range, where absorption is low, and the wavelength of radiation, , is much larger that the film thickness, d, multiple reflection at the two film boundaries become important even in our samples with not very regular layer thickness ͑variation about 5%-15%͒. Standing waves in samples cause the appearance of fringes in transmission spectra. However, if the periodicity is long in comparison with the signature we are looking for, the transmission still can be used for biological material characterization.
Fringes in transmission spectra may be used to calculate material optical characteristics. In particular, the product of refractive index and the film thickness ͑nd͒ can be obtained accurately from the position of transmission extrema, extr :
where m is an integer number corresponding to the order of extremum, including maxima and minima ͑mϭ1 for the first transmission minimum, and mϭ2 for the first transmission maximum͒. 43 The order of extremum can be found from the wavelengths of two adjacent extrema in the spectral range where n does not change appreciably when m is increased by one.
III. THE EXPERIMENTAL RESULTS
A. Absorption coefficient spectrum
An absorption coefficient spectrum of a herring DNA film over an extended frequency range is presented in Fig. 2 . Above about 300 cm Ϫ1 the absorption spectra consist of numerous sharp, well defined resonances ͑regions I and II͒. They represent different covalent short-range, high-energy interactions that have been relatively well studied primarily by Raman spectroscopy. For example, it was demonstrated that in the range 1800-1500 cm Ϫ1 , the spectrum originates from in-plane double-bond vibration of the bases, and in the range 1500-750 cm Ϫ1 -from backbone sugar vibration modes. 27 These features tend to be independent of the basepair sequence. The position of peaks here is well reproducible, does not depend on film thickness, and is the same for both salmon and herring DNA. Since there are no visible interference effects, Eq. ͑1͒ has been used for absorption coefficient calculations in these regions.
For this study we are interested in region III. The absorption coefficient is low in this range and eventually drops dramatically at frequencies below 10 cm Ϫ1 ͑Fig. 3͒. This very far IR frequency range has not been widely investigated because of the many challenges for both experimental and theoretical researchers. Also, the interpretation of observed features is not straightforward. For these reasons, we focus our efforts on measuring highly resolved and reproducible spectra in this range. A dip in the absorption coefficient spectrum is observed at about 300 cm
Ϫ1
. This is the short wavelength edge of absorption due to low energy vibrations ͑weak bonds and nonbonded interactions in DNA͒. This edge was previously predicted by a theoretical analysis. 20 In this spectral range we also observe weak features, basically shoulders, that are more easily detected in the derivative of transmission spectra ͑see Fig. 4͒ . Earlier, spectral features observed in the spectra of nucleic acids in the region 300-500 cm Ϫ1 were assigned to the ribose ring vibrations. 37 The differential plots reveal a large number of weak shoulder features in the transmission characteristics over the range 300-500 cm
. These features are actually soft phonon modes that are obscured by the absorption roll-off from the very strong resonance at 545 cm Ϫ1 . The experimental results from the 300-500 cm Ϫ1 range show that all clearly resolvable phonon modes are present in both salmon and herring DNA samples. The position of the peaks in the derivative of transmission spectra ͑i.e., dT/d f , where f is a frequency, calculated from smoothing over nine data points͒ are the same for herring and salmon DNA and does not depend on the thickness. Figure 4 compares the differential spectral results from herring DNA films prepared with a 10:1 and a 5:1 water-to-DNA concentrations. Clearly, there is significantly stronger coupling of the electromagnetic energy when the samples are prepared with larger concentrations of water. While the fundamental mechanism responsible have not been identified at this point, it is clear that the oscillator strength ͑i.e., either the phonon density or polarizability͒ has been affected by the hydration level. The structures disappear with reducing the amount of water thus indicating that corresponding vibrational modes occur at the interface between DNA and surrounding media. Understanding this phenomenon will have many important ramifications to resolve the dynamics within intrinsic ͑isolated͒ DNA macromolecules. For example, if this effect is related to salinity of the sample ͑e.g., the DNA samples under study are in fact DNA salts͒ then the prescription for enhancing the phonon activity is important for interrogating the microscopic physical dynamics.
The broad peak in the long-range absorption spectra as presented in Fig. 3 agree qualitatively with earlier studies performed by Powell et al. 37 on vacuum-dried poly(dG)
•poly(dC) DNA ͑G-guanine, C-cytosine͒. In fact, the values of extinction coefficient for salmon DNA at the transmission window ͑i.e., ϳ0.04 at 300 cm
͒ and at the lower-frequency resonant peak ͑i.e., ϳ0.105 at 200 cm 
B. Low frequency resonances in transmission
The basic findings and most important aspects of this research are now presented. In this work, the focus was on receiving highly resolved and reproducible transmission spectra in the lower end of the far IR region which is the most difficult to realize, where reliable data were practically absent, and where specific features in spectra of different biological objects were expected to be found. An extensive series of measurements carried out in the very far IR frequency region with a higher resolution of 0.2 cm Ϫ1 revealed fine features in the spectra which can be more or less pronounced depending on the quality of material and sample preparation and measurement conditions. The transmission spectra of calf thymus DNA demonstrating this fine structure are given in Fig. 1 , as do the salmon and herring DNAs in Fig. 5 , the artificial polynucleotides, polyadenylic acid potassium salt ͑Poly ͓A͔ RNA͒ in Fig. 6 , and of Bacillus subtillis spores in Fig. 7 . Although the observed amplitude of the resonant modes is not greater than several percent, the signal-to-noise ratio of the instrument is good enough to detect these features in spectra of free standing films, as well as of films on polycarbonate or Teflon substrates. This fine structure was found to be independent of sample preparation and water content. The fine structure observed here requires spectral resolution better than 0.5 cm Ϫ1 , which is difficult to achieve because of very low source energy in the submillimeter range. This requirement may partially explain why earlier FTIR investigations were not able to detect phonon resonances. Peaks appear with a density of approximately one per cm Ϫ1 in the interval between 10 and 200 cm Ϫ1 . This general density of frequencies in this regime had been predicted earlier. 10 The intensity of absorption lines gradually drops towards the upper end of the band. Here, the aperture of the spectrometer determined the lower-frequency limit. This is a demonstration of submillimeter-wave spectroscopic features that can serve as DNA signatures.
C. Experimental difficulties
Many previous studies did not see fine structures reported here. Therefore, this work emphasizes the analysis of all possible reasons for poor reproducibility that had been obtained in earlier spectroscopic studies of biological macromolecules in the far infrared. Films uniform in thickness are well known to exhibit interference fringes in their reflection and transmission spectra. The interference phenomena can obscure fine resonant features or be misinterpreted as modes themselves. Figure 8 demonstrates the transmission for two herring DNA samples of different thickness, d. Clearly, the position of the low range transmission extrema depend on d, which indicates the important contribution from multiple reflection at two film surfaces. The results are consistent with an interference pattern, and were used to calculate the refractive index of the biomaterial. Using Eq. ͑2͒, we received refractive index for salmon and herring DNA between 1.7 and 2.1, depending on humidity. There is no noticeable dispersion of refractive index in the range 10-25 cm Ϫ1 . These results are in qualitative agreement with a refractive index of natural DNA at relative humidity 1% near 6 cm Ϫ1 measured to be 1.9 using a polarizing millimeter wave interferometer. 44 Note, a roll-off of the transmission in fringes, as shown in Fig. 8 , can transform resonant extrema into shoulders or inflection points in the spectra.
In the very lowest frequency region, additional factors arise in obtaining reliable and reproducible experimental data. We found that the optical characteristics are directly dependent on the orientation of aligned DNA fibers of the film samples in the electromagnetic field of radiation. Simple sample rotation was found to change the fine spectral structure ͑Fig. 9͒ probably because of coupling change between the EM field of radiation and the dipole moment of the DNA oscillators. It should be noted that some modes are orientation independent, however, orientation has a profound effect in some absorption modes.
Another reason for poor reproducibility of spectroscopic results is caused by changes in biosample characteristics over time. The thickness of the film is usually reduced 2-3 fold over several months of drying, and the final film thickness depends on humidity. This causes significant changes in the refractive index and the long range fringing with time ͑Fig. 10͒. At the same time, the position of fine features associated with vibrational modes remains practically fixed. Although it is more difficult to compare the characteristic frequencies in spectra disturbed by interference fringes ͑see transmission spectra of two salmon DNA samples shown in Fig. 11͒ , the differential plots of the same data demonstrate a high degree of consistency, as shown in Fig. 12 . A direct comparison of differential transmission plots of aligned herring and salmon DNA samples that were measured at identical orientation shows many common modes, however there are also a number of distinguishing modes ͑Fig. 13͒. The high density of spectral features provides a great deal of information for discrimination of the samples even over this limited domain from 10 to 25 cm
Ϫ1
.
IV. MODELING RESULTS AND DISCUSSION
As was demonstrated in this lowest frequency spectral region, many difficulties have been overcame in achieving reproducible experimental data. However, the individual features have variations in transmission ͑typically on the order of several percents͒ that are well above the noise level of the FTIR measurement system ͑i.e., less than 0.5%͒. While the phonon modes absorption is weak, this is certainly consistent with the expectation. Specifically, a DNA chain represents a multiple oscillator structure that is not highly periodic in space. Hence, the oscillators contributing to any individual frequency have a low density per unit volume. Therefore, the detection of DNA phonons via resonant absorption is naturally a weak process. In general, a technique for raw data generalization is required to extract regularities and eliminate false structures resulting from system noise, contaminated samples and interference effects.
In order to interpret the vibrational modes obtained from experiments it is necessary to undertake a theoretical study in which vibrational frequencies will be systematically calculated for different types of motions in relation to the DNA nucleotide composition, length and spatial topology. A method for the prediction of far-IR absorption spectra of biomolecules has been recently suggested. 40 teractions. The methods of molecular mechanics and normal mode analysis 10 have been employed, which enables rigorous calculations of biopolymer structure and dynamics. Further, we coupled the molecular modeling with theoretical spectroscopy by calculations of oscillator strengths for the normal modes. Normal modes and their oscillator strengths for two oligonucleotides consisting of 12 base pairs: ͑poly dA͒ ͑poly dT͒ and ͑Poly dAdT͒͑Poly dTdA͒ have been calculated. Initial approximation for the B-helix of the fragment (TA) 12 was generated in helicoidal coordinates by the program JUMNA. 46 It was pointed out in Ref. 47 that since DNA polymers are of low symmetry, and none of the spectral lines are truly forbidden, this low frequency region should reveal many features related to biopolymer structure. Our theoretical study of two double helical DNA fragments predicts over 360 normal modes in the far IR. 40, 41 All the vibrational frequencies are below 900 cm Ϫ1 and most of these modes are at frequencies below 220 cm Ϫ1 , with the density higher than one mode per cm Ϫ1 ͑Fig. 14͒, which is consistent with what was observed experimentally. Our analysis makes it possible to understand the physical nature of many spectral features. As predicted by the theoretical research, the observed modes are determined solely by long-distance interactions, angle deformations and hydrogen bonds. The frequencies of vibrations produced by these interactions distinguishable from those produced by vibrations of covalent bonds ͑above 500-1000 cm Ϫ1 ͒. The decrease in the absorption intensities observed for the frequencies above 250 cm Ϫ1 is obviously due to the fact that most of the low frequency vibrations involve torsion rotations and their frequency lie below 220 cm Ϫ1 . Our results clearly demonstrate ͑Fig. 14͒ that the abilities of different vibrations for IR absorption may differ many fold and that spectra are sensitive to base pair sequence.
We believe that our results have demonstrated the possibility of exploiting long-wavelength FTIR spectroscopy to characterize films of DNA polymers. While these results are positive and lay an initial foundation for the method, extensive research will be required to completely demonstrate the feasibility of DNA long-wavelength phonon spectroscopy and a biosensing technology.
V. CONCLUSIONS
Highly resolved and reproducible spectra of DNA macromolecules have been measured in the 10-500 cm Ϫ1 range where reliable data have historically been practically absent. Spectra reveal fine features that can be used for DNA characterization. These long-wavelength spectral results confirm earlier theoretical predictions for the existence of phonon modes in DNA macromolecules. A rationale for explaining poor reproducibility of results in previous studies have been revealed and analyzed. The dependence of spectra on sample preparation conditions, on sample geometry ͑interference effects in film samples͒, on material aging, and on orientation of DNA molecules in the electromagnetic field of radiation have been studied. Thus, our results demonstrate experimental evidence of multiple dielectric resonances-phonon modes in submillimeter wave transmission spectra. Experimental results are in qualitative agreement with theoretical prediction. These long-wavelength vibrational spectra can potentially be used for identification of DNA signatures. The work establishes the initial foundation for the future use of submillimeter-wave spectroscopy in the characterization of DNA macromolecules. 
